Abstract Arabidopsis COLD SHOCK DOMAIN PROTEIN 3 (AtCSP3) shares an RNA chaperone function with E. coli cold shock proteins and regulates freezing tolerance during cold acclimation. Here, we screened for AtCSP3-interacting proteins using a yeast two-hybrid system and 38 candidate interactors were identified. Sixteen of these were further confirmed in planta interaction between AtCSP3 by a bimolecular fluorescence complementation assay. We found that AtCSP3 interacts with CONSTANS-LIKE protein 15 and nuclear poly(A)-binding proteins in nuclear speckles. Three 60S ribosomal proteins (RPL26A, RPL40A/UBQ2, and RPL36aB) and the Gar1 RNA-binding protein interacted with AtCSP3 in the nucleolus and nucleoplasm, suggesting that AtCSP3 functions in ribosome biogenesis. Interactions with LOS2/enolase and glycine-rich RNA-binding protein 7 that are cold inducible, and an mRNA decapping protein 5 (DCP5) were observed in the cytoplasm. These data suggest that AtCSP3 participates in multiple complexes that reside in nuclear and cytoplasmic compartments and possibly regulates RNA processing and functioning.
Introduction
The cold shock domain (CSD) is a highly conserved nucleic acid-binding domain that is widely distributed in organisms ranging from bacteria to mammals (Graumann and Marahiel 1996) . CSD proteins, which were originally identified as cold shock proteins (CSPs) in bacteria, are multifunctional DNA/RNA-binding regulatory proteins that function at the transcriptional and post-transcriptional level (Phadtare 2004) . Bacterial CSPs consist solely of a CSD. Nine members of the CSP gene family (cspA to cspI) have been identified in E. coli, four of which (cspA, cspB, cspG, and cspI) are induced by cold shock (Wang et al. 1999) . A quadruple mutation in cspA, cspB, cspG and cspE results in a growth defect at low temperature (Xia et al. 2001) .
Bacterial CSPs are proposed to function as RNA chaperones that destabilize the secondary structures of RNA molecules to facilitate transcription and translation (Jiang et al. 1997) .
CSD proteins have been extensively studied in eukaryotic cells. Human Y-box protein, YB-1, was first identified as a transcription factor that binds to the Y-box of MHC class II promoters (Didier et al. 1988 ). YB-1, which contains a single CSD with N-terminal and C-terminal auxiliary domains, preferentially binds single-stranded pyrimidinerich sequences (Graumann and Marahiel 1998) and is a major component of cytoplasmic messenger ribonucleoprotein (mRNP). YB-1 represses translation and stabilizes mRNAs in the early embryo and somatic cells (Evdokimova et al. 2001) . Another class of CSD proteins in animals is Lin28. This protein was first identified in C. elegans as a regulator of developmental timing. Lin28 is a 25-kDa cytoplasmic protein that contains one CSD and a pair of retroviral-type CCHC zinc fingers (Moss and Tang 2003) . Human Lin28 binds precursor forms of let-7 microRNAs (miRNAs) and can inhibit pri-let-7 processing (Viswanathan et al. 2008) .
Plant CSD proteins typically contain a single N-terminal CSD and variable copies of C-terminal retroviral-like CCHC zinc fingers that are interspersed by glycine-rich regions (Sasaki and Imai 2011) . The first plant CSD protein to be functionally characterized was Triticum aestivum (wheat) cold shock protein 1 (WCSP1) (Karlson et al. 2002) . Both WCSP1 mRNA and protein levels steadily increase in crown tissue during cold acclimation. WCSP1 partially complements the cold sensitive phenotype of the E. coli cspA, cspB, cspE, cspG quadruple mutant, suggesting that WCSP1 shares a function with E. coli CSPs for cold adaptation. Arabidopsis contains four CSD proteins (AtCSP1 to AtCSP4). Expression of the four AtCSP genes is differentially regulated in response to cold and developmental cues (Nakaminami et al. 2009; Sasaki et al. 2007; Karlson and Imai 2003) . AtCSP3 shows nucleic acid melting activity and complements a cold-sensitive phenotype of the E. coli CSP quadruple mutant (Kim et al. 2009) . A loss-of-function mutant of AtCSP3 (atcsp3-2) is more sensitive to freezing than is the wild-type plant under nonacclimated or cold-acclimated conditions. Overexpression of AtCSP3 in transgenic plants confers enhanced freezing tolerance (Kim et al. 2009 ). Microarray analysis revealed that AtCSP3 regulates the expression of several stress-inducible genes that are not classified as CBF regulon genes. These data suggest that AtCSP3 regulates freezing tolerance in Arabidopsis during cold acclimation independently of the CBF/DREB1 pathway.
To decipher the mechanism underlying AtCSP3-mediated gene regulation, we performed interactome analysis of AtCSP3 using yeast two-hybrid and bi-molecular fluorescence complementation (BiFC) assays. AtCSP3 was shown to interact with a variety of proteins that are involved in RNA processing and metabolism in specific compartments within the nucleus and cytoplasm.
Results
To identify proteins that interact with AtCSP3, we performed an interactome screening using a yeast twohybrid system. A cDNA library constructed from coldacclimated Arabidopsis seedlings was used as prey and full-length AtCSP3 was used as bait. Positive clones were selected for Leu auxotrophy and then subjected to a β-galactosidase assay. After screening of 3×10 7 clones, 788 positive clones were selected. Sequence analysis of the positive clones further eliminated overlapping and frame-shifted clones and finally identified 38 independent AtCSP3-interacting proteins (CIPs) (Fig. 1 Fig. 1 Interaction between AtCSP3 and candidate proteins (#1-38) revealed by the yeast two-hybrid assay. Positive interactors were selected by histidine auxotrophy (growth on His -plate) and galactoseinduced β-galactosidase activity. Arabidopsis thailiana (Col-0) plants were grown at 22°C under 16-h light/8-h dark conditions. Coldacclimated (5 days at 4°C) three-week-old seedlings were harvested for cDNA library preparation. The CloneMiner cDNA Library Construction Kit (Invitrogen) was utilized to construct a cDNA library based on the entry vector pDONR222. The library was subsequently transferred into pJG4-5 (Kaminaka et al. 2006 ) using LR Clonase (Invitrogen). For bait construction, a PCR-amplified AtCSP3 cDNA was cloned into pENTR/D-TOPO (Invitrogen) and then transferred into the destination vector, pEG202, using LR clonase II (Invitrogen). The Arabidopsis cDNA library (1 ×10 5 independent clones) in pJG4-5 was transformed into Saccharomyces cerevisiae EGY48 cells (Kaminaka et al. 2006 ) containing pEG202-AtCSP3 (bait) and pJK103 (reporter). As a positive control (C), interaction between AtLSD1 proteins was utilized (Kaminaka et al. 2006 ). Identification of candidate proteins is listed in Table 1 members of the DEAD/DEAH-box helicases (RH15 and PRH75) (Aubourg et al. 1999) , three 60S ribosomal proteins (RPL36aB, RPL26A, and RPL40A), and three putative nuclear poly(A)-binding proteins (PABN1, PABN 2, and PABN 3) ( Table 1 ). In addition, many other candidate interactors were found to be associated with RNA function. LOS2 (Lee et al. 2002) and AtGRP7 ) have been implicated in the cold response, and SKIP1 has been shown to confer salt and drought tolerance in Arabidopsis (Lim et al. 2010) and Oryza sativa (rice) (Hou et al. 2009) (Table 1) , suggesting an association between AtCSP3 complexes and stress tolerance.
To confirm the data obtained using yeast two-hybrid screening, we utilized the bi-molecular fluorescence complementation (BiFC) assay. For the BiFC assay, AtCSP3 and candidate proteins were fused to the N-and C-terminal fragments of yellow fluorescent protein (YFP), respectively and transiently co-expressed in onion epidermal cells. (Fig. 2a) . The interaction of AtCSP3 with AtPABN3 (poly(A)-binding protein 3) localized to a similar nuclear compartment (Fig. 2b) . Yeast two-hybrid screening identified three ribosomal proteins as CIPs (Table 1) . BiFC confirmed the interaction between the 60S ribosomal protein, L40/ubiquitin extension protein 2 (RPL40A/UBQ2) and AtCSP3 in the nucleus (Fig. 2c) . A few dot-like structures with intense signal were observed, suggesting that AtCSP3-RPL40A localized within the nucleolus and nucleoplasm (Fig. 2c) . The other two 60S ribosomal proteins, L36a/L44 (RPL36aB) and L26 (RPL26A), exhibited a similar pattern of YFP staining, in what appeared to be the nucleolus and nucleoplasm (data not shown). Two known nucleolar proteins, Gar1 and AtNUC-L1, also appeared to interact with AtCSP3 in the nucleolus and nucleoplasm (data not shown). As shown in Fig. 2d , the interaction between AtCSP3 and unknown protein (At4g10970) reconstituted YFP signal in the putative nucleolus and nucleoplasm, suggesting a nucleolusassociated function of At4g10970. In contrast, the AtCSP3-DCP5 interaction was detected in cytoplasmic granules that resembled RNA processing bodies (P-bodies) (Fig. 2e) . Nuclear and cytoplasmic localization was also observed for AtCSP3-RH15 interactions (Table 1) . Taken together, BiFC analysis identified interactions of AtCSP3 with 16 different proteins and revealed their subcellular localizations.
It is important to determine if the site of AtCSP3-CIPs interaction is consistent with the subcellular localization of AtCSP3 and CIPs. AtCSP3 has been shown to localize to the nucleus and cytoplasm (Kim et al. 2009 ). We therefore Reconstitution of functional YFP as detected by YFP fluorescence occurs in nuclear speckles (a and b), the nucleolus and nucleoplasm (c and d), cytoplasm (e). Bars are 50 μm (b) and 20 μm (a and c-e). BiFC assay was carried out as previously described (Shimizu et al. 2005) . For vector construction, amplified AtCSP3 cDNA was cloned into pSAT4-nEYFP-N1 to fuse with the N-terminal part of YFP. Similarly, cDNAs for AtCSP3-interacting proteins (CIPs) were cloned into pSAT1-cEYFP-N1 to make a fusion with the C-terminal YFP. Primers used for plasmid construction are listed in Supplementary Table 1 . For transient expression, gold particles (1.0 μm) coated with plasmid DNA (2.5 μg) were introduced into onion epidermal cells using a PDS1000/He particle gun (Bio-Rad, USA) according to the manufacturer's instructions. Onion (Allium cepa) epidermal peels were placed on MS agar medium and used for bombardment with a rupture setting of 1,100 psi. The bombarded samples were incubated for 16 h at 22°C and were observed by a Leica FW 4000 microscope determined the subcellular localization of CIPs using the transient expression of GFP-fused proteins. Transient expression in onion cells of PABN3-GFP revealed that PABN3 is localized to nuclear granules, similar to those observed in the BiFC assay for AtCSP3-PABN3 (Fig. 1b) . Co-expression of PABN3-GFP and SRp34-RFP (Lorkovic et al. 2004 ), a marker for nuclear speckle localization, indicated that the observed nuclear granules are speckles ( Fig. 3a and b) . These data demonstrated that PABN3 is localized to nuclear speckles, where it forms a complex with AtCSP3. Co-expression of COL15-GFP and SRp34-RFP also revealed that nuclear speckle-localization of COL15 (data not shown). Expression of RPL40A-GFP in onion cells detected GFP signal within the nucleolus-like structure and nucleoplasm (Fig. 3c) . When RPL40A-GFP was co-expressed with AtFbr1-RFP (Sasaki et al. 2007 ), a marker gene for nucleolar localization (Fig. 3c) , both GFP and RFP signals showed complete overlap (Fig. 3c) . The other two 60S ribosomal proteins, L36a/L44 (RPL36aB)-GFP and L26 (RPL26A)-GFP, were also confirmed to localize to the nucleolus and nucleoplasm. (Niwa et al. 1999 ). For nuclear speckles and P-body markers, SRp34 and XRN4 cDNAs were cloned into pENTR/D-TOPO and then transferred into the destination vector, pH7RWG2.0 (Karimi et al. 2002) , using LR clonase II. Primers used for plasmid construction are listed in Supplementary  Table 1 Furthermore, we determined the subcellular localization of DCP5-GFP. XRN4-RFP was used as a marker for P-body localization in plant cells (Kastenmayer and Green 2000) . Fig. 3d presents the co-localization of DCP5-GFP and XRN4-RFP, and shows that DCP5 is localized to P-bodies.
Discussion
The interactome analysis indicated that the nuclear speckle is one of the sites at which AtCSP3 functions. A major activity that occurs within the speckles is posttranscriptional splicing (Lamond and Spector 2003) . Experimental data suggest that transcription does not occur in speckles (Lamond and Spector 2003) . AtCSP3 interacted with COL15 and PABNs within the nuclear speckles (Table 1) . Several COL proteins are regulated by the circadian clock (Wenkel et al. 2006; Datta et al. 2006) and associated with responses to light (Datta et al. 2006) . Recently, it was revealed that COL1 is involved in the response to cold as well (Mikkelsen and Thomashow 2009) . Although the biochemical functions of CO and COL proteins are ambiguous, CO and COL15 have been proposed to interact with the CAAT-binding complex and to be involved in transcriptional regulation (Wenkel et al. 2006) . However, it is not known if COLs are involved in RNA processing. Our observation that AtCSP3 interacted with COL15 suggests a role for COL15 in RNA processing within the nuclear speckles and provides novel insight into COL functions.
The three nuclear poly(A)-binding proteins were found to interact with AtCSP3 within the nuclear speckles. In contrast to the cytoplasmic poly(A)-binding proteins, which function in translation initiation and regulation of mRNA decay, the function of nuclear poly(A)-binding proteins is unclear. Human PABPN1 (PABII/PABP2) localizes to the nuclear speckles as a consequence of its binding to poly(A) RNA (Calado and Carmo-Fonseca 2000) . PABPN1 interacts with poly(A) polymerase (PAP) to regulate poly(A) tail length (Wahle 1995) , a feature that determines both the stability and translation efficiency of mRNA (Coller et al. 1998) .
The identification of Gar1, AtNUC-L1, and three ribosomal proteins as CIPs suggested the possible involvement of AtCSP3 in ribosome biogenesis and rRNA metabolism (Pontvianne et al. 2007; Pendle et al. 2005 ). Gar1, a component of the H/ACA-box small nucleolar ribonucleoprotein (snoRNP) complex, regulates snoRNP assembly and RNA modification in yeast (Henras et al. 2004) . Eukaryotic H/ACA-box snoRNPs guide the pseudouridylation of rRNA by base-pairing with target RNA and participate in pre-rRNA processing (Kiss 2001) . AtNUC-L1/Parl1 is a nucleolin that is induced by sugars (Kojima et al. 2007 ) and implicated in auxin-dependent growth and patterning in Arabidopsis (Petricka and Nelson 2007) . Nucleolin plays important roles in various steps of ribosome biogenesis (Petricka and Nelson 2007) . RPL26 and nucleolin physically interact and bind to a double-stranded RNA structure within the 5′-UTR of p53 (tumor suppressor gene) mRNA to regulate the translation of p53 after exposure to stresses such as UV (Chen et al. 2012) .
Two DEAD-box RNA helicases, AtRH7 (PRH75) and AtRH15, exhibited interactions with AtCSP3. The function of these RNA helicases is currently unknown; however, plant DEAD-box RNA helicases have been implicated in several RNA processing events, such as pre-mRNA splicing, rRNA maturation, ribosome assembly, and polyadenylation of mRNA (Aubourg et al. 1999) . In addition, a recent report revealed that LOS4, a DEAD-box RNA helicase from Arabidopsis, is involved in mRNA export and regulates plant development and cold stress responses (Gong et al. 2005) . Although RNA helicases and RNA chaperones both unwind RNA duplexes, their biochemical mechanisms are different in that the former enzymes require ATP hydrolysis, whereas the latter do not. It is therefore noteworthy that these proteins physically interact. It will be interesting to determine if the complex that forms between the RNA helicase and RNA chaperone activates or stabilizes the RNA unwinding activity.
Arabidopsis DCP5 is a homolog of human RNAassociated protein 55 (RAP55), which is involved in mRNA decay in the P-body (Yang et al. 2006) . Xenopus RAP55 (xRAP55) is an RNA-binding component of storage mRNPs in the cytoplasm and acts as a translational repressor (Tanaka et al. 2006) . Arabidopsis DCP5 also functions in translational repression and P-body formation and plays an indirect role in mRNA decapping (Xu and Chua 2009) . Localization of the AtCSP3-DCP5 complex within the P-body presents the possibility that AtCSP3 is involved in mRNA inactivation or degradation. Interestingly, xRAP55 co-immunoprecipitated with FRGY2, a cold shock domain/Y-box protein in frog (Tanaka et al. 2006) . SKIP1 (Ski-interacting protein) contains a SNW/SKIP domain and functions as a cofactor in transcription and splicing events. Human SKIP1 interacts with PABPN1 in nuclear speckles (Kim et al. 2001) . SKIP1 and PABPN1 cooperatively control MyoD-dependent transcription in the skeletal muscle (Kim et al. 2001) . SKIP1s from Arabidopsis and rice function as putative transcription factors in an abiotic stress signaling pathway (Hou et al. 2009; Lim et al. 2010 ). Therefore, it will be interesting to determine if SKIP1, PABN, and AtCSP3 form a complex that regulates abiotic stress tolerance in Arabidopsis.
Based on the data presented in this report, we propose a model in which AtCSP3 has versatile functions in RNA processing and metabolism (Fig. 4) . Our findings suggest that AtCSP3 forms a complex that functions in mRNA processing and is likely important for its role in gene expression. AtCSP3 may also act by regulating pre-mRNA splicing, polyadenylation, RNA stability, and RNA export by influencing mRNA processing during stress and developmental changes. Taken together, this study revealed that AtCSP3 functions in nuclear and cytosolic RNPs. These data suggest that RNA metabolism is involved in the regulation of the cold response in plants.
Bacterial CSPs, which solely consist of a CSD, are thought to function as a single protein (Phadtare and Severinov 2010) . Eukaryotic CSD proteins, such as YB-1, Lin28, and AtCSP3, contain auxiliary domains in addition to a CSD. The eukaryotic CSD proteins may have acquired auxiliary domains to facilitate interaction with other proteins and thereby develop complicated regulatory functions in eukaryotic systems. The CSD may serve as an RNA chaperone module in these proteins. YB-1 has been implicated in transcriptional and translational regulation through its ability to interact with other proteins (Kohno et al. 2003) ; however, recent research revealed its novel functions in splicing (Allemand et al. 2007 ) and mRNA degradation (Dhawan et al. 2012) . Together with our data, it is now clear that CSD proteins are involved in a wide range of cellular processes associated with RNA metabolism and function.
